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ABSTRACT

Mississippi River Alluvial Valley (MAV) is one of the most important ecosystems in the
United States, and bottomland hardwood forests (BLHs) are a major components of this
ecosystem. The ecological and hydrological functions of BLHs can help maintain the diversity
of species, groundwater balance, and nutrient removal etc. However, due to the increased human
activities in the area, most of the BLHs were converted to agricultural land. Realizing the
seriousness of the situation of the ecosystem, a series of programs have been carried out by the
U.S. Fish and Wildlife Service (USFWS) and the U.S. Department of Agriculture (USDA) to
restore the forested wetlands since several decades ago. However, the efficacy of these activities
on denitrification is unclear. In this study, field and laboratory studies were carried out to
determine the effects of hydrologic restoration (i.e. periodical flooding) on the denitrification
capacity and denitrifying bacteria in a 30-year old restored BLH in the Red River Wildlife
Management Area (RAWMA) of the MAV, and designed a better cultivation medium for
denitrifying bacteria isolation from soils in this area. In-situ denitrification was estimated using
the C2H2 block technique with a static chamber and potential denitrification rate was determined
in the laboratory using a modification of the denitrification enzyme assay (DEA) method. Both
in-situ and potential denitrification rates with amendment of nitrate (NO3-) were significantly (P
< 0.05) higher at flooded, lower elevation sites than those of higher elevation sites where the
hydrology was not restored. Without amendment of NO3-, no significant differences in potential
and in situ denitrification rates were observed between low and high elevations. The population
of denitrifying bacteria was measured by the most probable number (MPN) method, and
denitrification gene nirK quantified by real-time quantitative PCR. The MPN and PCR results
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were consistent with each other, without significant differences between the high and low
elevation sites. The isolation rates of denitrifying bacteria from the designed medium No. 1 and
No. 2 were higher than the classic cultivation medium. The numbers of species isolated by these
two media still need to be determined, and compared to the classic one. Further improvement of
the medium will be based on the evaluation of this first generation of media.
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1. INTRODUCTION

The Mississippi River Alluvial Valley (MAV) is located downstream of the Mississippi
River, with most of it historically covered by Bottomland Hardwood Forests (BLHs). The BLHs
serve as wildlife habitat, timberland resources, groundwater balance regulator, and nutrient
absorber. This ecosystem is essential for the regional environment. Most of the BLHs in the
MAV disappeared after the emergence of agricultural activities in this area, especially during the
last century. The conversion of BLHs to farmland brought several problems to the local and
adjacent environment, including a decrease of species diversity and quantity of wildlife and trees,
an increase of nutrient concentration in the surface and groundwater, and a loss of hydrological
regulation.
With the restoration programs conducted by U.S. government agencies, millions of acres
of farmland have been converted back to forests and researchers started to evaluate the success
of the restoration. Species and function recoveries are the aspects that researchers have focused
on.
Denitrification is a biogeochemical process associated with the nutrient reduction
function of a forest ecosystem. It is mainly maintained by a group of microorganisms that have
the ability to convert nitrate to gaseous nitrogen forms: N2O or N2. With the emission of N2O or
N2, nitrate concentration in the soil is reduced. Denitrifying bacteria are the major members in
this functional group.
Hydrological conditions may affect denitrification and denitrifying bacteria activities.
Periodic flood may increase denitrification rate by affecting soil moisture, soil texture, available
nitrate and organic carbon. High soil moisture and fine soil texture enhance denitrification. A

1

higher concentration of available nitrate and organic carbon also increase denitrification in those
instances where nitrate or organic carbon is limited in the environment. Periodic flood may alter
the community structure of denitrifying bacteria, but may not influence the population size.
Under certain conditions, the community structure may be more important in determining
denitrification rate and potential than the absolute population size alone. The primary purpose of
this study is to determine the hydrological impacts on denitrification capacity and denitrifying
bacteria in a restored BLH in the MAV.
In order to reveal the ecological functions and physiological characteristics of
denitrifying bacteria in an environment, an appropriate medium is essential for isolation and
cultivation of these organisms. So far, no a single medium has been approved that is good for all
the denitrifying bacteria because of their wide phylogenetic distribution. Designing and
optimizing a cultivation medium by using an evolutionary algorithm is another focus of this
study.

2

2. LITERATURE REVIEW

2.1 Mississippi River Alluvial Valley (MAV)
The Mississippi River Alluvial Valley, one of the most extensive floodplains in the
United States, is located in the historic floodplain of the Mississippi River that flows from
Illinois through Missouri, Kentucky, Arkansas, Tennessee, Mississippi and Louisiana (Llewellyn
et al., 1996) (Figure 2.1). It is a unique and important wetland ecosystem, consisting of
bottomland hardwood forests (BLHs), oxbow lakes, and cypress swamps. Bottomland hardwood
forests are floodplain forests, found along rivers and streams of the southeast and south central
United States (Huffman and Forsythe, 1981; Mitsch and Gosselink, 1993). Historically, the
largest concentrated BLHs in the U.S. were in the MAV (Sharitz and Mitsch, 1993).
Bottomland hardwood forests provide valuable hydrological and ecological functions,
such as groundwater balance maintenance, flood control, water quality enhancement, and
nutrient removal. They also provide timber products and serving as wildlife habitats (Walbridge,
1993). The variety of these ecosystems and their long growing season make them an important
habitat for a wide diversity of wildlife species. Because of the fertile soil and healthy forests,
however, these BLHs in the MAV became one of the first ecosystems used for logging and
farming in the United States (Cowdrey, 1983).
Due to the extensive agriculture activities, the loss of these forests exceeded 120,000 ha
per year during 1950s to 1970s (National Research Council, 1982) and by 1982, only 2.8 million
ha of the original estimated 10 million ha BLH (at the time that Europeans arrived) remained
(Hefner and Brown, 1985).
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Figure 2.1 Counties and parishes in the lower Mississippi River Alluvial Valley in Arkansas,
Mississippi and Louisiana (Schoenholtz et al., 2001).

The influences of BLH loss on the entire ecosystem have been recognized. A study by
Rudis (1995) showed that regional forest fragmentation impacted community types,
anthropogenic uses and resource values of bottomland hardwood. The author also found that
wildlife habitat in the BLH was influenced. Sallabanks et al. (2000) suggested that BLH may be
important to bird species preservation. Burdick et al. (1989) found that bird population and
density were adversely affected by the reduction of BLH area. Cormer et al. (2002) studied
reptiles and amphibians in a BLH and suggested that certain logging activities may alter the
herpetofaunal species composition. The abundance and quality of BLH also affect black bear
and other wildlife species (Army Engineer Waterways Experiment Station, 1992). A study of a
BLH riparian ecosystem indicated that a mature BLH is essential for water quality maintenance
(Lowrance and Vellidis, 1995), and the ecosystem is an excellent nutrient sink and buffers the
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nutrient discharge from the surrounding agricultural lands (Lowrance et al., 1984). BLH can
also remove suspended sediment from water, which contributes to water quality improvement for
the adjacent aquatic system. The distance from the river, flood duration, and tree basal area
account for about 90% of the sedimentation rate (Kleiss, 1996). In the Cache River wetland, a
BLH in Arkansas, the removal rate constant for inorganic suspended solid, total nitrogen and
total phosphorous were 0.066 m/da, 0.048 da/super, and 0.0058 m/da (2.1 m/yr), respectively
(Dortch, 1996). Ensign’s study on a swamp showed that after clearcut, the swamp displayed
significant higher suspended solid, total nitrogen, total phosphorous, total Kjeldahl nitrogen, and
fecal coliform bacteria, but lower dissolved oxygen. Algal blooms also reoccurred after the
clearcut (Ensign and Mallin, 2001). However, a restored BLH without the natural hydrologic
regime reestablished cannot function as a natural BLH in the aspect of biogeochemical process,
such as denitrification (Hunter and Faulkner, 2001). Loss of a BLH has caused hydrologic
alteration in the area (Kolka, Singerb et al., 2000). But with restoration of BHL near rivers or
streams or on an erodible land, soil productivity could be protected (Williams, 1999).
During the last 200 years the MAV has lost about 80% of its BLHs, mainly to agriculture,
making it one of the endangered ecosystems in the United States (Noss et al., 1995). This loss
has radically changed the biogeochemical functionality of the altered ecosystems, in particular
their ability to retain and process nitrogen (N). Since 1970’s, programs have been undertaken by
the U.S. government and state agencies to rebuild the hardwood forests (King and Keeland,
1999). In the 1970s and 1980s, the U.S. Fish and Wildlife Service (USFWS) aggressively
reestablished BLHs on USFWS National Wildlife Refuges, private lands, and land transferred to
the USFWS from the Farmers Home Administration (Haynes et al., 1995). The Conservation
Reserve Program (CRP) and Wetland Reserve Program (WRP), carried out by the U.S.
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Department of Agriculture (USDA) Natural Resources Conservation Service (NRCS), provided
technical and financial assistance to landowners for wetland restoration and protection. The goal
of CRP, the largest retirement program in the U.S. history (Szentandrasi et al., 1995), was to
remove 40 – 45 million acres of highly erodible cropland from agricultural activity by 1990 and
to rebuild it with trees (Ribaudo, 1989). Landowners who participated in the program agreed to
take the eligible land out of agriculture activity and put it into a reserve program for a 10-year
period, and the landowners were compensated for the same period of time (Kennedy, 1990). By
the mid 1990s, 36.5 million acres of cropland was enrolled in the program (Szentandrasi et al.,
1995). The program of WRP restored over 8,000 acres of BLH in the lower Mississippi River
area (NRCS, 2004).
After years of reforestation, a number of assessments and evaluations on the rebuilt
wetland forests were conducted. Twedt et al. (2002) evaluated 2 to 10-year old rebuilt BLHs in
Mississippi and Louisiana and found that the restoration benefited breeding birds. The author
also found that the value of cottonwood reforestation for avian conservation was significantly
greater than that of oak restoration in their first 10 years for avian conservation. Shear et al.
(1996) compared 50-year old planted and naturally generated BLHs in Kentucky to mature
forests and found that the restored forests adequately replaced the mature forests in terms of
structure and function. Any remaining differences between natural and restored BLHs, the
author speculated, would diminish over time.
The loss of BLHs has radically changed the biogeochemical functionality of the altered
ecosystems, in particular their ability to retain and process N. However, little information is
available regarding how a rebuilt BLH would restore its capacity of denitrification, which is one
important function that removes N out of ecosystems (Henry et al. 2004).

6

2.2 Denitrification in Natural Ecosystems
2.2.1 Nitrogen cycle
Nitrogen is an essential element for humans, animals, plants, as well as microorganisms.
It constitutes 16 % of proteins (Frink et al., 1999), which participate every process in cells as
macromolecules. There is an abundance of nitrogen in the environment, of which nitrogen gas
constitutes 78% (on the basis of volume) of the air. The nitrogen cycle is one of the key element
cycles occurring on the earth. In this cycle, nitrogen gas is converted to ammonia mostly by a
biological process, which is called nitrogen fixation. A portion of the ammonia converted from
nitrogen gas is utilized by plants and microorganisms to provide the material for biosynthesis and
growth support. An additional portion of the ammonia is converted to nitrate through the process
of nitrification. Nitrate can be converted back to ammonia by a process known as
ammonification or nitrate assimilation. Some of the nitrate is converted to nitrogen gas by a
microbial process called denitrification (Zumft, 1997) (Figure 2.2), which is the major
mechanism that removes nitrogen from an ecosystem.
Since the green revolution, much of the wetlands and forests have been converted to
farmlands and nitrogen fertilizer has been widely used to increase the yield of crops and other
plants to meet the needs of an increasing population (Tilman et al., 2001; Galloway et al., 2003).
The excessive use of nitrogen fertilizer has caused serious environmental problems. The nitrate
that cannot be utilized by plants enters into the surface water or ground water systems through
surface flow or filtration, and becomes a source of pollution. High levels of nitrogen have been
found in the Mississippi River. Model simulations and scientific
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Figure 2.2 Global nitrogen cycle in natural ecosystems.
investigations have indicated that increasing nutrient loads from the Mississippi/Atchafalaya
River systems are the main contributors to the recent decline in Gulf bottom water oxygen
concentrations (Justic et al, 1993; Rabalais et al., 2002; Turner and Rabalais, 1994). The
addition of anthropogenic nitrate has also caused hypoxia in western coast of India (Naqvi et al.,
2000). In addition to causing ecological problems to the bodies of surface water, nitrate in
groundwater can persist for decades and accumulate to a high level, which affects water quality
and threatens the safety of drinking water (Hallberg, 1989; Nolan et al., 1997; Yang et al., 1998;
Knobeloch et al., 2000).
2.2.2 Denitrification
Denitrification returns the fixed nitrogen into the atmosphere via gaseous nitrogen (i.e.
NO, N2O, or N2). It plays a crucial role in the global cycling of nitrogen. The process of
denitrification in natural ecosystems requires anaerobiosis and a supply of both NO3- and organic
carbon. In an ecosystem, any soil property or environmental factor that can directly or indirectly
influence one or more of these conditions may regulate in situ denitrification rates. Major
possible regulation factors include soil moisture, soil texture, pH, anaerobiosis, available nitrate
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and organic carbon. Peak denitrification rates were observed with an increase in soil moisture
and the response time and duration were different depending on soil texture (Sexstone et al.,
1985). Low soil moisture and mineral nitrogen slow down denitrification activity (Firestone and
Davidson, 1989). The denitrification rate also decreases as the oxygen level increases and pH
decreases (Cavigelli and Robertson, 2000).
Nitrous oxide (N2O), which is produced during denitrification, is considered as a
potential greenhouse gas in the troposphere. Although it is only responsible for about 6% of the
global warming (Houghton et al., 1992), it is more potent than the other two common greenhouse
gases, CO2 and CH4, (due to its long lifetime about 150 years in the atmosphere (Pérez-Ram´ırez
et al., 2003) and high global warming potential (GWP)). The GWP of N2O is 5 and 280 times
that of CH4 and CO2 cover a 20-year time frame, 15 and 310 times in a 100-year frame, and 26
and 170 in a 500-year frame, respectively (IPCC, 1996). The concentration of N2O in the
atmosphere has increased from the pre-industry level of 285 ppb to present level of 310 ppb
(Kavanaugh, 1987). The increase in the atmospheric concentration of N2O contributes not only
to global warming but also directly to destruction of stratospheric ozone layer (IPCC, 1997).
Recent estimates suggest that about 80% of the net increase in atmospheric N2O is
probably the result of agro-ecosystems (Mosier and Kroeze, 1999). It has been reported that the
cultivation of soil and use of fertilizer contributed 57% of the total N2O emission in European
Union (Pérez-Ram´ırez et al., 2003). Drainage and cultivation of peatland increased N2O
emission from the soil, which used to be N sink (Kasimir-Klemedtsson et al., 1997), while
afforestation could decrease the emission of N2O (Merino et al., 2004). A linear relationship
between the amount of fertilizer applied and N2O emission was found when mineral nitrogen
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fertilizer was applied; the use of manure, both solid and liquid, also increased N2O emission
significantly (Gregorich et al., 2005).

2.3 Denitrifying bacteria
Denitrification is mainly sustained by denitrifying bacteria, although the ability of
denitrification is also found in certain fungi (Zumft, 1997). Nearly 130 species of bacteria
including archaeabacteria can reduce NO3- to N2 (Zumft, 1992). Lateral gene transfer is a
possible explanation to the wide existence of the denitrification ability (Bothe et al., 2000).
Most of the denitrifying bacteria can survive in the presence of oxygen. However,
denitrification is only induced in anaerobic conditions in which microorganisms use nitrogen
oxides (NOx) as electron acceptors. It is an alternative pathway to aerobic respiration (Enwall et
al., 2005).
Denitrifying bacteria reduce nitrate (NO3-) to nitrous oxide (N2O) or to nitrogen gas (N2)
under the catalysis of functional enzymes, through the following steps:
NO3Where

Nar

NO2-

Nir

NO

Nor

N 2O

Nos

N2

Nar stands for nitrate reductase, Nir stands for nitrite reductase, Nor stands for nitric oxide

reductase, and Nos stands for nitrous oxide reductase (Zumft, 1997; Rich and Myrold, 2004).
Denitrifying bacteria also have the ability to degrade toxic organic matter in the
environment. Song et al. (2000) isolated 33 strains of halobenzoate-degrading denitrifying
bacteria from halobenzoate enriched soil and sediment samples. Rudolphi et al. (1991) studied
enzymatic steps of Pseudomonas-like and Paracoccus-like strains that can metabolize
methylphenols and dimethylphenols in anaerobic condition along with reduction of nitrate. With
the ability to degrade organic matter, denitrifying bacteria play a crucial function in reducing
10

organic carbon, thereby reducing nitrate in the wastewater and soils (Neef et al., 1996; Hallin and
Pell, 1998; Pai et al., 1999; Song et al., 2000). Studying the group of denitrifying bacteria can
contribute to the understanding of the nitrogen cycle in the environment. This can provide
additional information that can be used in the decision making process related to natural
ecosystem restoration and remediation of nitrate and organic pollutants in contaminated
groundwater and soil.
Denitrifying bacteria are a group of heterotrophic bacteria and are phylogenetically
diverse. They belong to over 50 genera and fall into all major physiological groups except for
the Enterobacteriaceae, obligate anaerobes, and gram-positive bacteria except for Bacillus spp.
(Zumft, 1992; Zumft, 1997). Traditional cultivation methods have been used to study
denitrifying bacteria (Gamble et al., 1977; Ehrenreich et al., 2000; Brettar et al., 2001; Joseph et
al., 2003). However, only a small portion of bacteria in the environment are culturable.
Therefore, cultivation-based methods are not sufficient for studies such as microbial community
characterization (Amann et al., 1995). To avoid the disadvantages of cultivation methods, 16S
rDNA-based techniques have been widely used to characterize microbial community structure in
environmental samples (Stephen et al., 1996; Felske and Akkermans, 1998). The 16S rDNA,
however, is not suitable for studying the community of denitrifying bacteria due to their wide
phylogenetic distribution (Zumft, 1992).
Studying functional genes can help solve this type of problem. Generally, sequences in
functional genes are of generally greater variety than relatively conserved 16S rDNA, so it is
more appropriate to use functional genes to discriminate between groups closely related but
different in ecological functions (Palys et al., 1997). NirK and nirS are two functional genes
encoding nitrite reductases. Nitrite reductase catalyzes the reduction of nitrite to NO, and it is
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the first step to distinguish denitrifying bacteria from nitrate respiring bacteria that also have the
ability to convert nitrate to nitrite, however, do not reduce nitrite to gaseous nitrogen (Priemé et
al., 2002). This enzyme exists as two types of products from the encoding genes: one is from
nirK gene, which contains copper; the other is from nirS gene, which contains cytochrome cd1
(Braker et al., 1998). These two types of genes do not exist within the same cell, but were
discovered existing in different strains of the same species. NirS is more widely distributed,
while nirK is only found in 30% of the denitrifying bacteria species. However, nirK gene has a
wider distribution in different physiological groups (Coyne et al., 1989). Despite their different
structures and distribution, the two types of genes are equivalent in terms of function and
physiology (Glockner et al., 1993; Zumft, 1997). NosZ gene encodes nitrous oxide reductase.
The reduction of nitrous oxide is the last step in the denitrification pathway. Some denitrifying
bacteria cannot produce nitrous oxide reductase. Therefore, nosZ gene can be used to detect
bacteria that have the ability to reduce nitrous oxide to nitrogen gas (Throback et al., 2004).
Gene nirK, nirS and nosZ were recently used to detect denitrifying bacteria (Braker et al., 1998;
Scala and Kerkhof, 2000; Rősch et al., 2002; Qiu et al., 2004; Rich and Myrold, 2004; Horn et
al., 2006).
Polymerase Chain Reaction (PCR) is a basic and widely used technique for studying
microbial community structure in environmental samples. The first trial of designing PCR
primers for amplifying the nirS gene was done by Ward (1995), based on three sequences from
two different species. Braker et al. (1998) developed a better PCR primer system for nirK and
nirS genes using Alcaligenes xylosoxidans NCIMB 11015, Hyphomicrobium zavarzinii IFAM
ZV-622T (ATCC 27496), Ochrobactrum anthropi LMG 2136, Rhizobium meliloti Rm1021,
Rhizobium meliloti 20115, Rhodobacter sphaeroides f. sp. denitrificans, Alcaligenes sp. strain
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(DSM 30128), Alcaligenes xylosoxidans subsp. denitrificans DSM 30026, and Blastobacter
denitrificans IFAM 1005 (DSM 1113). With the combination of primers nirK1F and nirK3R,
and nirK1F and nirK5R (Table 2.1), all the tested strains with a nirK gene were successfully
amplified. With the combination of primers nirS1F and nirS6R, all the nirS genes in the test
strains were amplified (Braker et al., 1998).
Table 2.1 Sequences of the primers used by Braker et al.
primer

sequence

nirK1F

GG(A/C)ATGGT(G/T)CC(C/G)TGGCA

nirK3R GAACTTGCCGGT(A/C/G)G(C/T)CCAGAC
nirK5R

GCCTCGATCAG(A/G)TT(A/G)TGG

nirS1F

CCTA(C/T)TGGCCGCC(A/G)CA(A/G)T

nirS6R

CGTTGAACTT(A/G)CCGGT

The use of the cultivation-independent method has brought people new insights into
community structure of the denitrifying bacteria in environment. However, estimating the
abundance of denitrifying bacteria in environmental samples still relies on cultivation methods.
Most Probable Number (MPN) has so far been the mostly used method. As discussed above,
however, due to the limitation of cultivation-based methods, the MPN method can only provide
an estimate of the cultivable portion of the entire population. For this reason, new approaches
towards quantification of microbial populations were developed in the last decade, including
hybridization- and PCR-based techniques. The former, such as Southern Hybridization, only
compares the relative quantity of functional genes among different samples. The latter includes
MPN-PCR, competitive PCR (cPCR), and real-time PCR (RT-PCR). The detection limit of the
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MPN-PCR is lower than traditional cultivation methods; however, it is still partly dependent on
cultivation, which introduces problems with the uncultivable microorganisms (Féray et al., 1999).
For cPCR, target genes in samples and controls compete for amplification, and the initial
quantity of the gene in samples is calculated by comparing the PCR products on an agarose
electrophoresis gel (Johnsen et al., 1999; Changotra and Sehajpal, 2005). The real time-PCR
(RT-PCR) is developed based on traditional PCR (Gruntzig et al., 2001; Philippot, 2005). It was
first described by Holland et al. (Holland et al., 1991). The probe in the PCR reaction system is
fluorescently labeled. The fluorescence emission, which logarithmically increases when PCR
proceeds, is detected at each PCR cycle, and a threshold fluorescence intensity is defined within
the logarithmic phase. Copy number of the targeted genes in the samples is calculated by
comparison with standard curves constructed from amplifications of serial dilutions of standard
DNA (Grüntzig et al., 2001). The real time-PCR (RT-PCR) has several advantages compared to
other PCR-based quantification methods. Firstly, it focuses on the logarithmic phase rather than
the end products. So it is more accurate when considering amplification efficiency and reagent
limitation. Also, the detection range is rather wide to assure reliability. Last, there is no need for
further treatment of the products to obtain result, which reduces the possibility of contamination
(Heid et al., 1996; Grüntzig et al., 2001). In recent years real time-PCR (RT-PCR)has been
applied to study the abundance of microorganisms in soil, water, and air (Hermansson and
Lindgren, 2001; Guy et al., 2003; Makino and Cheun, 2003).
Application of molecular techniques to the study of denitrifying bacteria has been
reported. Priemé et al. (2002) studied denitrifying bacteria communities in forest upland and
wetland soils. They found that in both sites, there existed a large amount of denitrifying bacteria
and most of the nir genes detected were not found in the cultivated denitrifying bacteria. Karin
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Enwall et al (Enwall et al., 2005) detected nosZ genes by using denaturing gradient gel
electrophoresis (DGGE) and narG genes by restriction fragment length polymorphism (RFLP),
with subsequent cloning and sequencing, to study the composition of denitrifying bacterial
communities in arable soil samples with different treatments. Braker et al. (2000) investigated
genetic heterogeneity of denitrifying bacteria in sediment samples by amplifying nirK and nirS,
and found high diversity of nir gene sequences in the samples by using RFLP.
There have been few quantitative studies of denitrifying bacterial population in
environment samples by RT-PCR, however. A recent study by Henry et al. (2004) quantified
nirK gene in different soil samples, in which nirK gene ranged from 9.7 x 104 to 3.9 x 106 copies
per gram of soil. The detection limit was 102 copies with a linear relationship up to 7 orders of
magnitude. Grüntzig et al. (2001) tested a PCR-based assay of Pseudomonas stutzeri nirS gene
in vitro and applied it to marine sediment samples. The linear relationship was from 1 to 106
copy numbers of the gene (Grüntzig et al., 2001). Smith et al. (2007) quantitatively investigated
the functional genes of denitrifying bacteria in estuary sediment by RT-PCR, and found that the
copy numbers of the genes significantly decreased from estuary head to estuary mouth along a
nitrate gradient.

2.4. Selective Medium for Denitrifying Bacteria
As early as one century ago, people started to realize that the number of colonies that
could be obtained from a solid medium was far less than those existing in the environment,
especially when soil samples were used to isolate bacteria (Rheims et al., 1999). In the past
several decades, this problem was partially solved by the utilization of cultivation independent
techniques. Many novel groups of bacteria that had never been detected by cultivation methods
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were discovered (Felske and Akkermans, 1999; Axelrood et al., 2002; Furlong et al., 2002).
However, some groups of these bacteria with relative importance in the environment, for
example some numerically abundant groups, rarely got a chance to be cultivated on a solid
medium (Felske and Akkermans, 1999; Axelrood et al., 2002; Furlong et al., 2002). This may be
in part due to the lack of appropriate media. There are still many unidentified microorganisms in
the environment, which need to be discovered. On the other hand, for most of the discovered
“unculturable” bacteria, their physiological characteristics, study of which requires traditional
cultivation methods, are in need of investigation (Joseph et al., 2003). Therefore, developing
culture media that can grow higher numbers of colonies and cover a larger number of species is
necessary. Tryptone soy agar (TSA) and tryptone soy broth (TSB) are standard and most
commonly used growth media for denitrifying bacteria (Tiedje, 1988; Coyne et al., 1989; Smith
and Tiedje, 1992). Widdel’s medium (Widdel and Bak, 1992) has also been widely used for
denitrifying bacteria cultivation (Kniemeyer et al., 1999). Other media have been used under
specific situations. For example, HYH-2 medium was used for Halobacterium species (Coyne et
al., 1989). Yeast extract mannitol medium (YEM) was used for Rhizobium strains (Braker et al.,
1998; Cheneby et al., 2000) and Bradyrhizobium japonicum (Coyne et al., 1989), and for
isolation of denitrifying bacteria from acid forest soil (Rősch et al., 2002). Nutrient broth (NB)
was used for denitrifying bacteria isolation from agriculture soil (Cheneby et al., 2000), activated
sludge (Jørgensen and Pauli, 1995) and marine sediment (Braker et al., 2000), and for cultivation
of Pseudomonas, Alcaligenes, Ochrobactrum, Paracoccus, and Azospirillum strains (Braker et
al., 1998). Water from the environment supplemented with complex carbon and nitrate was also
used for isolation of denitrifying bacteria (Ward and Priscu, 1997). Bromothymol blue (BTB)
medium, screening medium (SM), denitrification medium (DM), artificial wastewater (AWW),
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and Luria-Bertani (LB) medium were used by Takaya et al. (2003) for studying aerobic
denitrifying bacteria. Oligotrophic medium (PYGV) was used for Roseobacter denitrificans, and
peptone yeast extract glucose medium for Blastobacter denitrificans (Braker et al., 1998).
Nitrate broth and nitrate agar were used to isolate denitrifying bacteria from soil, freshwater
sediment and oxidized poultry manure to determine the population of dominant denitrifiers
(Gamble et al., 1977). Acetate nutrient agar was used to isolate denitrifying bacteria from
anaerobic-anoxic and anaerobic-aerobic sequencing batch reactors (Merzouki et al., 1999).
So far, no a single medium has been found suitable for all of the denitrifying bacteria,
albeit various media have been used for different types of samples and different species of
denitrifying bacteria. In order to maximize the number of colonies and species of denitrifying
bacteria isolated from a specific sample, existing media have been modified to meet the need in
different situations. D30 culture medium consisting of NB, supplemented with KNO3, sodium
succinate and sodium acetate, was used for isolation of denitrifying bacteria from agriculture soil
(Tiedje, 1982; Cheneby et al., 2000). An ethanol medium based on NB supplemented with
ethanol, K2HPO4, KH2PO4, MgSO4·7H2O, NH4Cl, KNO3, and trace metal was used for isolation
of immobilized denitrifying bacteria from soil and sediment for the development of nitrate sensor
(Larsen et al., 1996). Mineral media supplemented with different carbon sources (methanol,
sodium acetate, or ethanol) and NB were compared for the growth and nitrate consumption of
Paracoccus denitrificans. Results showed that with NB, both growth and nitrate consumption
rate were the highest, and the second highest was with addition of ethanol as carbon source.
When ethanol was used, with thiamine and cobalamine, B group vitamins, and yeast extract in
mineral medium, the doubling time was only a bit longer than with NB, but shorter than other
combinations of components (Blaszczyk, 1993). A study by Gamble demonstrated that there
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was no significant difference between the populations estimated by soil extract supplemented
with yeast extract and nitrate broth (Gamble, 1976), TSB and a reported best soil extract-based
medium (Martin, 1975).
Recently, an evolutionary algorithm (EA) was used for an evolutionary optimization of
isolation conditions for denitrifying bacteria from activated sludge (Heylen et al., 2006). Eleven
medium parameters were combined with different values and 15 growth media were generated
by using The Simple Evolutionary Algorithm for Optimization (seao) software. Fitness of each
medium in one generation was evaluated by the number of colonies and species of denitrifying
bacteria isolated. And the values of fitness were used for producing the next generation of media.
After cultivation on four generations of medium, Heylen et al. (2006) developed three media that
had a higher fitness than the traditional TSA medium. This study provided a new direction for
selective medium development, which can be utilized for the study of cultivation-dependent
denitrifying bacteria.
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3. MATERIALS AND METHODS

3.1 Study Area
The study sites were located in the 41,681 acres Red River Wildlife Management Area
(RRWMA) (Figure 3.1) in lower Concordia Parish, Louisiana. This area is of low elevation with
numerous rivers, streams, lakes, and ponds. It is easily flooded by the Red River and the
Mississippi River as well as Cocodrie Bayou. Moreover, water in the area is difficult to drain.
Before the Louisiana Department of Wildlife and Fisheries bought the land, timber density in
most of the area was very low due to the extensive cutting activities. Since the area was
designated as a wildlife management area in the 1960s, about 800 acres of former agricultural
land were planted with about 265,000 hardwoods (Louisiana Department of Wildlife and
Fisheries).
The RRWMA is dominated by BLHs of overstory and understory species (Why, 2003).
It provides critical habitat for wildlife, including songbirds, waterfowls, and woodland water
birds, interior and migrational birds, such as wild turkey, woodducks, woodpeckers, as well as
white-railed deer, squirrels, and other small mammals. The first Louisiana black bear was
moved to RRWMA in early March, 2001 to establish the population of the bear from their
threatened status (Louisiana Department of Wildlife and Fisheries). But little study has been
done in RRWMA on denitrification in the rebuilt wetland forest ecosystem.
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Figure 3.1 Location of Red River Wildlife Management Area (Louisiana Department of
Wildlife and Fisheries)
3.2 Soil Sampling
The study area was a 30-year old restored forest surrounded by a levee to the southwest
and a road to the north, and there were 12 sampling locations in the area (Figure 3.2). Six of the
sampling locations of lower elevations were often flooded by the water coming out the levee in
spring, and the other 6 were never flooded due to their higher elevations. Six duplicate soil cores
from the surface of the soil from 0-5 cm were taken randomly within each sampling location by
using a soil auger. Before the samples were taken, the leaves on top of the soil were gently
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removed by hand. Six soil cores were combined into one polyethylene plastic bag at site. Air in
the bag was driven out by rolling the bag. And the samples were put on ice before being sent
back to the laboratory.

Figure 3.2 Sampling locations in Red River Wildlife Management Area. RR stands for Red
River, H represents the sampling locations with higher elevations, and L represents those with
lower elevations (courtesy of Dr. Faulkner).
Soil samples in each bag were mixed after they were taken back to the laboratory but
before storage. The methods for mixing the soil samples were different for those from high and
low elevation locations due to their different soil texture. For the samples from higher elevation
sites, the zip bags were put onto a vertex for 1 minute. For the samples from lower elevation
sites, the soils were mixed by hand. Each sample was divided into 2 parts and stored seperately.
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A small amount of mixed soil was stored at -20 ˚C for molecular analysis; the rest was stored at
4˚C for soil and microbial incubation.

3.3 In-situ Denitrification Rate
The in-situ denitrification rate was studied by trapping N2O emission from the soil by a
static chamber. Two 30 cm × 30 cm × 35 cm chambers were setup at each sampling location.
The lower edge of the chambers was inserted into the soil 5 cm deep from the surface. The
leaves inside of the chambers were removed before the experiment. The soil inside of the
chamber was first saturated with the flooding water near the sampling locations. Three liters of
nitrate solution (3 mg/L NO3-) was added to one of the chambers and to a second chamber, 3 L of
distilled water was added as control for each sampling location. After the chamber was capped
and sealed with ditch water to prevent the leakage of gas, 4.7 L of C2H2 was injected into the
water layer in the chamber. Ten ml of headspace gas samples were taken at 0, 1, 2 hrs from each
chamber by a syringe and stored in vacuumed vials. The N2O concentrations in the gas samples
were analyzed by a GC (Varian CP-3800) with an ECD detector.

3.4 In-situ N2O Flux
On May 9, 2007, in-situ N2O flux was measured by using static chamber without
addition of C2H2. The chambers were the same as those used for in-situ denitrification rate study.
Headspace gas inside of the chamber was flushed and 10 ml of the gas was collected by a syringe
at time 0, 0.5 and 1 hour. The samples were stored in vacuumed vials and N2O concentrations in
the samples were analyzed by GC with an ECD detector.
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3.5 Denitrification Potential
Denitrification potential of soil samples was measured by the denitrification enzyme
activity (DEA) assay. DEA is a short-term assay measuring denitrifying enzyme activity
existing in the soil under a certain environment at the time of sampling (Brooks et al., 1992; Luo
et al., 1996). I modified the experiment by only amending the reaction system with NO3-,
because I am interested in the denitrification potential with different hydrologic conditions with
the existing carbon content (Ullah, 2005). Ten grams of homogenized soil sample from each
sampling location was measured and added into each of two autoclaved 150 ml serum bottles.
The bottles were sealed and left at room temperature overnight. The next morning, 15 ml of 10
mg/L NO3- solution and 5 ml of distilled water was added into one of the two bottles for each
sample to deliver 15 μg NO3-/g dry soil. And 20 ml of distilled water was added into the second
serum bottle with the same sample to be as control. The bottles were capped with rubber
stoppers and kept airtight, and then purged with nitrogen gas for 20 minutes. Fifteen ml of C2H2
was injected into each bottle with a syringe. And the bottles were wrapped with aluminum foil
and put onto a reciprocating shaker (GYROTORY Shaker Model G2) with a speed of 100
rpm/min at room temperature. Ten ml of gas samples from the headspace of the bottles were
collected by syringe at 0, 2, 4, and 6 hours, and the samples were stored in vacuum vials. The
concentration of N2O in each sample was measured by GC (Varian CP-3800) with an ECD
detector.
The total amount of N2O produced in both headspace and dissolved in water was
calculated with the following equation:
M = Cg(Vg + VlD)
M: total amount of N2O
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Cg: concentration of N2O in the headspace
Vg: volume of headspace in the bottle
Vl: volume of liquid phase
D: Bunsen absorption coefficient, which is 0.54 for N2O at 25 ˚C (Hunter and Faulkner, 2001).

3.6 NO3-, NO2-, and NH4+ Concentrations in the Soil
The concentrations of NO3-, NO2-, and NH4+ in the soil samples were measured by the
KCl extraction method. Five grams of soil samples were measured and added into centrifuge
tubes, and 50 ml of 2 M KCl solution was added into each tube. The tubes were shaken for 1
hour, and centrifuged at 3,000 rpm for 5 minutes. Supernatant was collected by filtering through
a Whatman® filter (47 mm diameter, 0.45 μm pore size) (Ullah, 2005). Samples were stored at 20 ˚C before analysis.

3.7 Quantification of Denitrifying Bacteria in the Soil
3.7.1 Culturing Method and Detection
The Most Probable Number (MPN) method was used in this experiment to estimate the
population of denitrifying bacteria in the soil. MPN is a method to quantify the concentration of
a target microbe based on a statistical estimation by testing a series of dilutions of the original
sample.
Nine ml Tryptone Soya Broth (TSB) (Oxoid) with 10 mM KNO3 was distributed into
each Hungate tube, and a Durhan tube was put upside down in the tube. No bubble was left
inside the Durhan tubes. After capping, each tube was purged with nitrogen gas for 3 minutes to
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produce anaerobic condition. Then the tubes were autoclaved, and 0.5 ml of C2H2 (filtered with
0.25 μm pore size filter) was injected into each tube.
Soil suspension for each sample was made by adding the soil sample to autoclaved TSB
with 10 mM KNO3. A concentration series of soil suspension was made from 10-3 to 10-9. For
each sample, there were 3 duplicate tubes at each concentration. The samples were incubated at
26 ± 1 ˚C for 1 week. Headspace gas samples were collected and analyzed by GC (Varian CP3800) with an ECD detector to detect N2O. The final population of denitrifying bacteria in each
sample was obtained from a MPN table, and the Durhan tubes with bubbles on the bottom were
recorded.
Griess reagent was used for NO2- detection for the incubated samples in the MPN method.
Griess reagent (Sigma) was mix 1:1 by volume with each incubated medium sample. After 15
minutes, mixtures with a pink color were recognized as positive for NO2- production, and those
with no color change were recognized as negative.

3.7.2 Molecular Methods for Denitrifying Bacteria Quantification
3.7.2.1 DNA Extraction
DNA samples were prepared by using the UltraCleanTM Soil DNA Isolation Kit (MO
BIO Laboratories, Inc.), following the protocol provided by the company.
One-half grams of each soil sample was added to the 2 ml Bead Solution tubes, and
gently vortexed. Sixty μl of Solution S1 was added into each tube and the tubes were vortexed
briefly. To each tube 200 μl of Solution IRS (Inhibitor Removal Solution) was added and
vortexed 1 hr at 10x speed. The tubes were then centrifuged at 10,000 g for 30 s, and the
supernatant in each tube was transferred to a microcentrifuge tube. To each tube 250 μl of
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Solution S2 was added and vortexed for 5 s before being incubated in refrigerator at 4 ˚C for 5
min. After centrifugation for 1 min at 10,000 x g, 450 μl of supernatant was transferred to a new
centrifuge tube. Then 900 μl of Solution S3 was added to each tube and vortexed for 5 s. The
solution mixture from each tube was loaded onto a spin filter and centrifuged at 10,000 x g for 1
min, and the filtration was discarded, until all the solution was treated. Three hundred μl of
Solution S4 was added into each tube and the tubes were centrifuged at 10,000 x g for 30 s.
After the filtration was discarded, the tubes were centrifuged again for 1 min. Then the spin
filter was transferred to a new tube and 50 μl of Solution S5 was added onto the filter. After
centrifugation for 30 s, the spin filter was discarded, and the filtration in the tubes was the DNA
sample. The tubes were stored at -20 ˚C for further analysis.
3.7.2.2 Real-Time PCR
The reaction mixture of real-time PCR consisted of 0.5 μl primer mixture (nirK1F and
nirK5R); DNA template 1 μl, distilled water 11 μl, and 12.5 μl 2 x SYBR Green Supermix
including 100 mM KCl, 40 mM Tris-HCl, 0.4 mM of each dNTP (dATP, dCTP, dGTP, and
dTTP), 50 units/ml iTaq DNA polymerase, 6mM MgCl2, SYBR Green I, 20 nM fluoresein, and
stabilizers, at pH 8.4 to make the total volume 25 μl (QIAGEN).
The real-time PCR conditions for nirK gene were modified from Henry et al. (2004) to
obtain better amplification for the samples from our specific locations. Real-time PCR started at
50 ˚C for 2 min, and at 95˚C for 15 min for enzyme activation. Six cycles of touchdown were
then carried out, consisting of 15 s at 95˚C for denaturation, 30 s at 63˚C for annealing, and 30 s
at 72˚C for extension. From the second cycle, the temperature of annealing decreased 1˚C per
cycle until it reached 58˚C. Fifty cycles were performed as it was in the previous six cycles
except that the annealing temperature was 58˚C in all the fifty cycles. The temperature was then
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kept at 72 ˚C for 7 min. Finally, a 10 s step was repeated 80 times by decreasing the temperature
by 0.5˚C each time to obtain a denaturation curve.
Experiments were performed with three duplicates for each sample. The copy numbers of
the nirK gene in the soil sample were calculated by comparing the relationship between copy
number and threshold cycle value to a standard curve from the standard DNA (cloning of DNA
from environment samples from Philippot (Henry et al. 2005)).

3.8. Selective Medium Design
3.8.1 Basic Medium
The basic medium was based on Stanier et al. (1966). One liter of standard mineral base
contains 20 ml of Hunter’s vitamin-free mineral base, NH4Cl 0.81 g, and yeast extract 5 g.
Hunter’s vitamin-free mineral base was prepared based on Cohen-Bazire et al. (Cohen-Bazire et
al., 1957). The mineral base contains MgSO4·7H2O 29.59 g, CaCl2·2H2O 3.335 g,
Na2MoO4·2H2O 9.25 mg, FeSO4·7H2O 99 mg, Metal “44” solution 50 ml and distilled water
with a total volume of 1 L. Metal “44” is prepared using Ethylenediaminetetraacetic acid
(EDTA) 250 mg, ZnSO4·7H2O (250mg Zn) 1095 mg, FeSO4·7H2O (100 mg Fe) 500 mg,
MnCl2·4H2O (180 mg Mn) 180 mg, CuSO4·5H2O (10 mg Cu) 39.2 mg, CoCl2·6H2O (5 mg Co)
20.2 mg, H3BO3 (2 mg B) 11.44 mg, 1 L distilled water and a few drops of sulfuric acid.

3.8.2 Parameters for the Medium
In order to design a selective medium for denitrifying bacteria, 7 parameters were used. They
were pH with 4.5, 5, 5.5, 6, 6.5, and 7; carbon source with ethanol (2 carbon atoms), sodium
succinate (4 carbon atoms), and glucose (6 carbon atoms); carbon: nitrogen ratio of 2.5, 5, 7.5,
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10, 12.5, 15, 17.5, 20, 22.5; nitrogen (KNO3) concentration with 3, 6, 9, 12, 15, and 18 mM;
NaCl concentration with 0 and 5 g/L; Thiamine solution with 0, 1, and 2 ml/L (Kniemeyer et al.
1999); Cobalamin solution with 0, 1, and 2 ml/L (Kniemeyer et al. 1999). One ml of vitamin
solution was added to each 1 L medium. The number of combinations of these parameters was
17496. It is impossible to test all these combinations. Therefore, a software package using an
evolutionary algorithm was used to optimize the combination of the parameters.

3.8.3 Design by Software
The design was done by the Simple Evolutionary Algorithm of the Optimization (seao)
Software, which can be downloaded free from the Internet (http://www.cran.r-project.org). The
software has a graphic user interface which makes it easier to use for multiple users (Figure 3.3).

Figure 3.3 Interface of the graphic interface of the software of Simple Evolutionary Algorithm
for Optimization (from R software)

The parameters for the next generation were setup based on Heylen et al.’s (2006)
experiment: the number of individuals is 9, which was the largest number we can handle from
the choices provided by the software, all the previous generations were used for producing a new
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generation, the selection of parameters was based on fitness (rescaling = 0), the crossover rate is
90%, and the mutation was uniformly distributed, with a spread of 1.00 and a rate of 15. For the
first generation of the media, the software randomly made the combination of parameter values
to generate 9 different media.
Traditional medium for denitrifying bacteria TSA (Triptone Soya Agar, Remel) and TSB
(Triptone Soya Broth, Remel) amended with 10 mM KNO3 was used to compare the results from
our design. Solid media were prepared with 1.5% agar.

3.8.4 Cultivation of Microorganisms
Soil suspensions were made with 5 g of combination soil from the sampling locations
with lower elevation and 45 ml phosphate buffer. Soil suspensions were made with a soil
concentration from 10-3 g/ml to 10-7 g/ml. A volume of soil suspension of 0.1 ml was dropped
onto the solid media, and spread evenly on the whole surface of the media. The Petri-dishes
were wrapped with petrifilm and incubated in anaerobic chamber with a temperature of 26 ˚C.
After 1 week of incubation, for each medium, 50 colonies were picked up from each Petri-dish
that had more than 50 separate single colonies growing on it. The single colonies were then
transferred to a liquid medium with the same composition respectively. The liquid media were
prepared with the same components for each medium without agar. The medium was distributed
into Hungi tubes, and a Durham tube was put inside of each tube upside down. The tubes were
then capped and headspace gas was exchanged by nitrogen gas for 3 min. Each single colony
was transferred to 1 ml of the liquid medium and suspended. And the microbe suspension was
transferred into the Hungi tube with the same medium. The tubes were then incubated at 26 ˚C
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for 1 week. Each tube was checked for bubbling, and Griess reagent was used to detect the
production of nitrite.

3.8.5 Identification of Denitrifying Bacteria
For the tube with both bubble and nitrite produced, the microorganism growing inside
was identified as denitrifying bacteria. Tubes with no bubbles or nitrite were identified as not
having denitrifying bacteria. For tubes with either bubbles or nitrite inside but not both, further
identification was done by molecular methods.
The medium inside of the tube with either bubble or nitrite was centrifuged at 10,000 x g
for 1 minute. The supernatant was discarded. Then DNA was extracted by using UltraCleanTM
Microbial DNA Isolation Kit (MO BIO Laboratories, Inc.), following the procedure provided by
the company.
The centrifuged microorganism was resuspended in 300 μl of Bead Solution. After gentle
vortexing, the mixture was transferred to a bead tube provided in the kit. Fifty μl of Solution S1
was added into each tube and the tubes were incubated at 65 ˚C for 10 min for the maximum
yield. The tubes were then vortexed at 10x speed for 10 min. After the tubes were centrifuged at
10,000 x g for 30 s, the supernatant in each tube was transferred to a microcentrifuge tube.
Three hundred μl of Solution S2 was added to each tube, and the tubes were vortexed for 5 s
before incubation at 4 ˚C for 5 min. After centrifugation for 1 min at 10,000 x g, the supernatant
was transferred to a new centrifuge tube, and 900 μl of Solution S3 was added and the tube was
vortexed for 5 s. The solution from each tube was loaded onto a spin filter and centrifuged at
10,000 x g for 30 s, and the filtrate was discarded, until all the solution was treated. Three
hundred μl of Solution S4 was added into each tube and the tubes were centrifuged at 10,000 x g
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for 30 s. After the filtrate was discarded, the tubes were centrifuged again for 1 min. The spin
filter was then transferred to a new tube and 50 μl of Solution S5 was added onto the filter. After
centrifugation for 30 s, the spin filter was discarded, and the DNA was in the remaining filtrate.
The tubes were stored at -20 ˚C for further analysis.
NirK genes were detected by PCR. The primer system was the mixture of nirK1F and
nirK5R. The PCR reaction mixture contained 2.5 μl of the buffer with MgCl2, 0.25 μl of dNTP
(10 mM), 0.25 μl of primer mixture, 1 μl of DNA template, 0.15 μl of Taq Polymerase, and
20.85 μl of distilled water.
The PCR conditions started with 95 ˚C incubation for 4 min. Then 40 cycles were
carried out with 40 s at 95 ˚C, 30 s at 58˚C, and 40 s at 72 ˚C. The temperature was set at 72˚C
for 7 min, and then kept at 16 ˚C.
The PCR products were analyzed by electrophoresis on a 1 % agarose gel at 100 mV for
15 min. The products from cultured samples were compared to that from a standard strain with
nirK gene.

3.9 Statistical Analysis
Analysis of covariance with split design was used for evaluating the impact of elevation,
sampling time, or nitrate concentration on in-situ denitrification rate, denitrification potential and
population size of denitrifying bacteria. Two-sample T test was used for comparing N2O flux at
sites of different elevations. Both of the analyses were done in SAS with adjustment by Tukey at
a significance level of 5%.
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4. RESULTS AND DISCUSSION

4.1 In-situ Denitrification Rate
In our in-situ denitrification rate study of May 17, 2006, both elevation and amendment
of nitrate had significant influence (P < 0.05) on the rate (Table 4.1). Without an amendment of
NO3-, denitrification rates at all the sampling locations were similar (P > 0.05). After adding
NO3-, the sampling locations with lower elevations had significantly greater (P < 0.05)
denitrification rates than those with higher elevations (Figure 4.1). The N2O emission
significantly increased (P < 0.05) at the lower elevation sampling locations after the addition of
NO3-, and the average level of N2O emission increased from 32.93 to 1062.67 µg N/ m2/ hr.
Results indicate that nitrate concentration is one compelling factor in these lower locations
regulating the denitrification activities. In the sampling locations with higher elevations, there
was no significant difference (P > 0.05) between those with the addition of NO3- and those
without NO3- addition, but the average level was still numerically higher in the NO3- treatments
(87.42 versus 7.02 µg N/ m2/ hr) (Figure 4.1). Data suggest that, besides nitrate concentration,
denitrification activities in these higher elevation locations might also be affected by other
environmental factors such as soil moisture, anaerobic condition, and soil texture, etc.
Table 4.1 Statistical results of analysis of covariance for in-situ denitrification rate
Effect
Elevation
Nitrate
Elevation*nitrate

Degree of freedom for
numerator
1
1
1

Degree of freedom for
denominator
3
3
3

F
value
123.85
152.28
111.36

P
0.0016
0.0011
0.0018

On May 9, 2007, in-situ N2O flux was measured without C2H2 block and the addition of
NO3-, there was no significant difference (P > 0.05) in terms of N2O emission rate between
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locations with low and high elevations (Figure 4.2). The average N2O emission rates at locations
with high and low elevations were -4.6484 and 8.4115 µg N/ m2/ hr respectively. It might
because the period of measurement of 1 hour was not long enough to detect the change of N2O
emission, which is usually at a low level in natural ecosystems. It might also be an indication that
the environmental factors such as elevation, soil moisture, etc did not have significant impact on
N2O emission in this restored ecosystem.
In this ecosystem, nitrate was the major regulator of denitrification rate compared to other
environmental factors where it was periodically flooded by river water. In places without
flooding, nitrate was not the only regulator and might have minimal importance. The results
demonstrated the importance of period flooding to the possible increase of denitrification rate.
Also in Pfenning and McMahon’s study, the denitrification rate in river sediment was not limited
by nitrate with nitrate concentration from 357 to 2142 µ mol/L (Pfenning and McMahon 1997).

Figure 4.1 In-situ measurements of denitrification rate with and without the addition of NO3at different sampling locations on May 17, 2006. (H stands for high elevation and L stands
for low elevation)
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Figure 4.2 In-situ measurements of denitrification rate without the addition of NO3- at
different sampling locations on May 9, 2007. (H stands for high elevation and L stands for
low elevation)

4.2 Denitrification Potential
Addition of nitrate and sampling time influenced denitrification potential (P < 0.05).
Without an amendment of NO3-, denitrification potentials were not significantly different (P >
0.05) between the low and high elevation locations for samples from both May 17, 2006 and
May 9, 2007. With the amendment of NO3-, the low elevation locations demonstrated
significantly greater (P < 0.05) denitrification potentials than the high locations on May 17, 2006;
while on May 9, 2007, there was no significant difference (P > 0.05) between the two (Figure 4.3,
Figure 4.4).
Denitrification potentials at sampling locations with higher elevations were not
significantly different (P > 0.05) between with and without the NO3- amendment for samples
from both May 17, 1006 and May 9, 2007. The average levels were 0.15 and 0.08 µg N / g dry
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soil / hr for the sampling locations with and without the addition of NO3- on May 17, 2006. They
were 0.27 and 0.07 µg N / g dry soil / hr for the locations on May 9, 2007, respectively.
The results showed that nitrate concentration was not a single regulator for denitrification
potential. The results of denitrification potential within different elevations at different sampling
times were consistent with that of soil moisture between the high and low elevation locations at
the two sampling times (Table 4.2). Soil moisture at low elevation locations was significantly
greater (P < 0.05) than at high ones on May 17, 2006, while on May 9, 2007, there was no
significant difference (P > 0.05) between the two. Soil moisture in high elevation locations was
higher on May 9, 2007 than on May 17, 2006, though the difference was not significant (P >
0.05) (Table 4.2), while for low elevation locations, soil moisture was higher on May 17, 2006.
This indicated that soil moisture affected denitrification potential with nitrate level ~ 15μg NO3/g dry soil in this ecosystem. A study on a seasonal dry tropical forest by Davidson et al. (1993)
showed that soil moisture had a great impact on N2O emission rate, while with high soil moisture,
there was more N2O emission. Brye et al. (2001) found that denitrification potential was limited
by insufficient length of saturation for the soil in three ecosystems.
On May 17, 2006, the samples from low elevations amended with NO3- showed
significantly greater (P < 0.05) denitrification potential than those without the amendment. For
those samples from May 9, 2007, there was no significant difference (P > 0.05) between the two,
which was due to the high denitrification potential without NO3- amendment at sampling
locations of L4 and L6. And the two studies at different dates showed similar quantitative
relationships among the sampling locations. For both with or without the addition of NO3-, H1
showed more denitrification potential than the other two locations at high elevations; L6 was
with the highest denitrification potential in the low elevation locations; and L4 was the second.
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This result was consistent with high level of nitrate and total nitrogen in these two locations
(Table 4.3). The high level of denitrification potential at H1 both with and without addition of
NO3- on May 9, 2007 was consistent with the high level of nitrate, total nitrogen and carbon at
the location. This demonstrated the impact of nitrate concentration in soil to denitrification
potential and available carbon may also influence denitrification potential. Pfenning and
McMahon (1997) claimed that in riverbed sediment, organic carbon significantly increased N2O
emission, and the emission was also affected by the type of carbon source. In the study of
Enwall et al (2005), the concentration of organic carbon was associated with the denitrification
potential. Chabrerie et al. (2001) found that in estuaries, spatial soil heterogeneity has a major
role in determining the spatial variation of denitrification potential.
Without NO3-, the N2O emission, measured as the weight of N produced by unit gram of
dry soil, has a linear relationship with time. With NO3-, the linear relationship starting time
delayed, and the rate of production was larger than those samples without addition. This means
that the denitrifying bacteria in the soil need some time to adapt to the increase of nitrate level.
Once they adapt to the high concentration of nitrate, they tend to produce more N2O per unit time.
Soil texture in locations with high elevations was mainly silt loam, and at low elevations
mainly silty clay, although there was some difference between the two samplings (Table 4.3). In
this study, the clay percentages at low elevation locations were significantly higher (P < 0.05)
than those at high elevations both on May 17, 2006 and May 9, 2007. It indicated that the content
of clay might affect the denitrification potential, however, it cannot regulate the potential
independently. Groffman and Tiedje reported a strong negative relationship between the
percentage of sand in the soil and denitrification rate (Groffman and Tiedje, 1989).
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Soil temperature may affect denitrification rate (Bachand and Horne, 1999). The
temperature of soil on May 9, 2007 ranged from 17.52 to 19.04 oC and from 20.19 to 21.33 oC on
May 17, 2006. These values fell into the range of temperature that support the growth and
activities of most denitrifying bacteria. Due to the limited sample size and the narrow
temperature range, there was no relationship between denitrifiation rate and soil temperature
observed in this study.
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Figure 4.3 Denitrification potential at different sampling sites on May 17, 2006. (H stands
for high elevation and L stands for low elevation)
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Figure 4.4 N produced in Denitrification Potential incubation from soil samples without
NO3- amendment on May 17, 2006. (H stands for high elevation and L stands for low
elevation)
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Figure 4.5 N produced in Denitrification Potential incubation from soil samples with
NO3- amendment on May 17, 2006. (H stands for high elevation and L stands for low
elevation)
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Figure 4.6 Denitrification potential at different sampling sites on May 9, 2007. (H stands
for high elevation and L stands for low elevation)
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Figure 4.7 N production in Denitrification Potential incubation from soil samples without
NO3- amendment on May 9, 2007. (H stands for high elevation and L stands for low
elevation)
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Figure 4.8 N production in Denitrification Potential incubation from soil samples
without NO3- amendment on May 9, 2007. (H stands for high elevation and L stands
for low elevation)
Table4.2 Soil moisture at different sampling locations on different dates
Sampling date
H1C
H2C
H3C
L4C
L5C
L6C
May 17, 2006 23.96% 21.73% 22.86% 31.09% 30.81% 34.69%
October 3, 2006 11.57% 10.93% 9.71% 16.42% 15.64% 18.76%
31.53% 24.98% 23.05% 26.37% 25.58% 29.91%
May 9, 2007
Table 4.3 Types of soil in different sampling locations
H1C
11.51
May 17, 2006
Clay (%)
4.10
May 9, 2007
38.48
May 17, 2006
Sand (%)
32.23
May 9, 2007
50.00
May 17, 2006
Silt (%)
63.67
May 9, 2007
loam
May 17, 2006
USDA Soil
Classification May 9, 2007 silt loam

H2C
H3C
L4C
L5C
11.10
11.48
41.94
38.47
5.75
5.42
23.17
20.45
23.05
23.03
8.09
9.69
18.83
19.41
8.43
8.73
65.86
65.49
49.97
51.84
75.42
75.18
68.40
70.81
silt loam silt loam silt loam silt loam
silt loam silt loam silt loam silt loam
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L6C
58.96
33.56
5.30
4.72
35.74
61.72
silty clay loam
silty clay loam

Table 4.4 Soil temperature (˚C) at different sampling locations on different dates
Sampling date
May 17, 2006
October 3, 2006
May 9, 2007

H1C
19.04
22.48
20.19

H2C
19.04
23.63
21.33

H3C
18.66
23.63
20.57

L4C
17.52
21.71
20.57

L5C
18.28
22.09
20.19

L6C
18.28
22.09
20.57

Table 4.5 NO2-, NO3-, NH4+ concentration and total nitrogen and total carbon in soil samples at
different sampling locations on May 9, 2007
-

NO2 (umol/L)
NO3- (umol/L)
NH4+ (umol/L)
Total nitrogen (%)
Total carbon (%)

H1C
1.71
1.881
71.62
0.30
4.56

H2C
1.35
0.127
38.18
0.21
3.02

H3C
-0.01
0.065
32.84
0.20
2.89

L4C
1.58
3.298
7.54
0.31
4.24

L5C
0.94
0.457
27.36
0.24
3.07

L6C
1.65
3.607
35.13
0.30
3.66

4.3 Quantitative Study of Denitrifying Bacteria
4.3.1 Culturing Method
The population sizes of denitrification bacteria were similar (P > 0.05) at high and low
elevations on October 3, 2006. The average population was 2.61 x 105 and 5.75 x 104 bacteria/g
soil at high and low elevations, respectively (Figure 4.9).
On May 9, 2007, the populations of denitrification bacteria were determined in natural
soil and in the soil after denitrification potential incubation with amendment of NO3-. Two
different detection methods were used for comparison (Table 4.5). The population sizes detected
by bubbling were smaller than those from Griess positive identification. Part of the reason was
that not all the denitrifying bacteria produce N2 as a final product. Some of the bacteria finish
their denitrification process with only N2O production. And N2O is soluble in water, with gas
production, the pressure in the tube increased and the N2O produced by microorganism might
dissolve in water and not to be observed. The bubbles might also come from CH4 or CO2 which
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can be produced during microorganism activities. By identifying Griess positive, population size
of denitrifying bacteria that have the ability to convert nitrate to nitrite was estimated. For both
natural soil and soil after denitrification potential incubation, the population sizes of denitrifying
bacteria were not different (P > 0.05) between high and low elevation locations. This result was
consistent with the one on May 17, 2007. This showed that the differences of hydrologic
conditions did not affect the population size of denitrifying bacteria in this ecosystem. The
estimated population sizes of denitrifying bacteria from natural soil and soil after denitrification
potential incubation were also similar (P > 0.05), which indicated that the increase of nitrate
concentration in a period of 6 hours will not change the proliferation activity of denitrifying
bacteria.
The smaller population on October 3, 2006 was consistent with the lower denitrification
potentials, comparing to May 9, 2007. The test was longer than 2 weeks because of the limit of
available detection facility, which may cause an over growth of the denitrifying bacteria and
convert nitrite to N2O or N2, thereby lowering the positive results from the Griess reagent, and
lowering the final estimate of the population. Gamble et al. (1977) studied soil samples using
nitrate broth from 14 different locations all over the world, and got a population size of
denitrifying bacteria between 104 and 106 bacteria/g soil. Chèneby et al. (2000) showed the
denitrifying bacteria density of 3 × 106 and 4 × 106 bacteria/ g dry soil in luvisols, and 4 × 105
bacteria/ g dry soil in rendosol. These differences may reflect site-specific characteristics.
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Figure 4.9 Estimated population size of denitrifying bacteria from soil samples on October
3, 2006. (H stands for high elevation and L stands for low elevation)

Table 4.6 Estimated population size of denitrifying bacteria from soil samples on May 9, 2007,
after denitrfication potential incubation without amendment of NO3-. (H stands for high elevation
and L stands for low elevation)
Sampling location
H1
H2
H3
average of H
locations
L4
L5
L6
average of L
locations

Natural soil (/g soil)
bubbling Griess positive
4.3x106
1.5 x107
5
1.2 x10
7.5 x106
4
7.5 x106
4.3 x10

Soil after DP incubation with NO3-(/g soil)
bubbling
Griess positive
7.4 x104
4.3 x107
4
2.4 x10
9.3 x107
5
2.4 x10
1.5 x106

1.49 x106

1.00 x107

1.13 x105

4.58 x107

2.1 x105
9.3 x104
4.3 x105

2.4 x107
4.4 x106
3.8 x106

4.3 x106
1.5 x105
7.4 x105

1.5 x107
1.2 x108
2.4 x108

2.44 x105

1.07 x107

1.73 x106

1.25 x108

4.3.2 Molecular Approach by Real-time PCR
The amplification curves and melting curves indicated that the targeted nirK genes were
well amplified and the amplification products were only from nirK gene (Figure 4.3.2.1 and
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Figure 4.3.2.2). The curve from the standard DNA with nirK genes showed excellent linear
relationship between ct value and logarithmic value of copy number within an order of
magnitude of 102-105 (Figure 4.3.2.3).

Figure 4.10 Amplification curves of of nirK genes from both standard DNA and soil
samples.
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Figure 4.11 Melting curves of amplification of nirK gene from standard DNA with different
concentrations and DNA from soil samples.
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Figure 4.12 Relationship between ct value and logarithmic value of copy number of nirK
gene by using the standard DNA.

45

In all the studies on natural soil at three different times, the population sizes from
different sampling locations were not significantly different (P > 0.05). Furthermore, there was
no significant difference (P > 0.05) between the thinned and unthinned locations in the study of
May 17, 2006 and October 3, 2006. The average population sizes at high and low elevations on
May 17, 2006, October 3, 2006, and May 9, 2007 were 5.17 × 106 and 5.00 × 106, 6.83 × 105 and
4.68 × 105, 8.29 × 106 and 2.20 × 107 cell/g dry soil, respectively (Figure 4.3.2.4, Figure 4.3.2.5,
and Figure 4.3.2.6). This illustrated that the hydrological impact did not affect the population
size of denitrifying bacteria.
On October 3, 2006, the population estimated by the culturing method was lower than
that by molecular method. The cultivation methods only detect live and culturable cells while
the molecular method is based on the amplification of genes including live and culturable cells,
as well as dead but un-decomposed cells and live but not viable cells. The broader coverage of
cells may cause the differences between the two methods. But on May 9, 2006, the estimated
population sizes were a little larger by the cultivation method. The growth of fungi which have
the ability to reduce nitrate by cultivation method may be the reason for the difference, since the
molecular method only targeted nirK gene from bacteria. The assumption of one cell of
denitrifying bacteria containing one nirK gene was the base of the comparison for the two
methods. However, more study is needed to explain the difference.
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Figure 4.13 Copy numbers of nirK genes in soil samples from different sampling
locations with standard error of the means on May 17, 2006. (H stands for high
elevation and L stands for low elevation)
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Figure 4.14 Copy numbers of nirK genes in soil samples from different sampling
locations with standard error of the means on October 3, 2006. (H stands for high
elevation and L stands for low elevation)
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Figure 4.15 Copy numbers of nirK genes in natural soil samples, soil samples after
denitrification potential incubation with and without addition of NO3- from different
sampling locations with standard error of the means on May 9, 2007. (H stands for high
elevation and L stands for low elevation)

On May 9, 2007, we also investigated the population sizes of denitrifying bacteria in soil
after denitrification potential incubation (both with and without NO3- amendment) by molecular
approach. The population sizes in these two different types of soil samples and natural soil
samples were not significantly different (P > 0.05). The population sizes of denitrifying bacteria
were close to each other (P > 0.05) between the low and high elevation locations in the soil after
denitrification potential incubation without the amendment of NO3-. With the amendment of
NO3-, the population sizes of denitrifying bacteria from low elevation were significantly higher
(P < 0.05) than those from high elevation (Table 4.3.2.1). That indicated that the addition of
NO3- changed the proliferation activity of denitrifying bacteria in the 6-hour incubation period,
therefore changed the culturable community structure in situ. .
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Table 4.7 Average population size at different sampling locations with different treatment

High elevation
Low elevation

Natural soil
(/g dry soil)
8.29 x 106
2.20 x 107

Soil after DP incubation without
NO3- amendment(/g dry soil)
1.76 x 107
2.74 x 107

Soil after DP incubation with
NO3- amendment(/g dry soil)
5.19 x 106
2.16 x 107

The population sizes of denitrifying bacteria at high elevation were similar to each other
on the sampling date of May 17, 2006, October 3, 2006, and May 9, 2007. But the population
size on May 9, 2007 was significantly larger than that on May 17, 2006. It was significantly
smaller on October 3, 2006 than on May 17, 2006. The larger population sizes were consistent
with the higher denitrification potential levels on the same sampling day. Philippot (2005) also
obtained the same results claiming that the density of denitrifying bacteria affected the
denitrification potential. However, the similar population sizes cannot explain the different
denitrification potential showed at high and low elevations. The community structure of
denitrifying bacteria might play a key role determining N2O emission, and affected
denitrification potential in different locations. This was demonstrated by Cavigelli and
Robertson (2000) and Holtan-Hartwig et al. (2000). Enwall (2005) stated that the denitrification
potential was not coupled with the denitrifying bacteria community composition. The
participation of fungal denitrifiers in the activity may also affect the denitrification potential and
rate. What was the community structure in the sampling locations? How did they affect the
denitrification potential? What was the role of the fungal denitrifiers in this study site? These
questions still need to be answered by further investigation. Enwall (2005) reported that
different nitrate sources and heavy metal concentrations may cause the difference in the
denitrifying bacteria community structure in agriculture field. However, the results are not
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comparable between different experiments. It may be due to site-specific characteristics and
culturability and gene copy numbers per genome for each species.
The soil samples after denitrification potential incubation without amendment of NO3showed a larger population than the natural soil and the soil from denitrification potential
incubation with amendment of NO3-, except for the sample from H3C. With an amendment of
NO3-, the population tended to be smaller than that in the natural soils. It might be because the
environment in the incubation of denitrification potential study without addition of NO3- benefit
proliferation of denitrifying bacteria, while with the addition of NO3-, denitrifying bacteria were
more active in denitrification than proliferation.

4.4 Medium Design
The microorganisms isolated on different cultivation media showed different growth
conditions. With a lower pH, more fungi grew on the medium, and the total number of
microorganisms on one petri-dish was smaller than that with a higher pH at the same level of soil
concentration. On medium 6 and 7 with pH 4.5, there were the least growth of microorganisms,
and none of the isolated bacteria were denitrifying bacteria (Table 4.7). That indicated that a low
pH of 4.5 is not suitable for denitrifying bacteria growth. Medium 1 and 2 had much higher
isolation rate of denitrifying bacteria than the other media, and their combinations were similar
to medium 8, which only had an isolation rate of 4%. This showed that a pH close to neutral
(~7), was favorable to denitrifying bacteria growth. Medium 4 with a neutral pH did not have
high isolation rate. It might be because the carbon source of ethanol cannot be utilized by most of
the denitrifying bacteria or the high carbon / nitrogen ratio and high nitrate concentration
affected the growth of the denitrifying bacteria.
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Media with pH between 7 and 8 are often used to isolate or cultivate the denitrifying
bacteria. A medium with pH = 8 was used by Braun et al. (1984). Seyfried et al. (1994) used pH
= 7.5 for the isolation of denitrifying bacteria which can oxidize toluene and xylene in an aerobic
condition. Gamble et al. (1977) adjusted the pH to 7.2 to isolate the denitrifying bacteria from
soil and sediment. Because the pH value in a forest soil is between 4.5 and 7, we chose this range.
Glucose is widely used as a carbon source in the medium for denitrifying bacteria
isolation and cultivation. Gamble et al. (1977) claimed that one third of the isolates cannot use
glucose or other carbohydrates as a single carbon source. In our study, the number of colonies of
denitrifying bacteria growing with single hydrocarbon was comparable to that with the complex
medium. However, the cuturability of denitrifying bacteria species in media with more than one
carbon source in one medium needs to be further studied.
Table 4.8 Combinations of different parameters for the media with different values.

Medium pH
1
2
3
4
5
6
7
8
9
TSA

7
7
6
7
6.5
4.5
4.5
5
6

C
source

C/N
(molar)

KNO3 (mM)

succinate
glucose
succinate
ethanol
glucose
glucose
succinate
succinate
glucose

7.5
7.5
25
22.5
5
2.5
12.5
7.5
10

12
15
3
18
3
6
12
18
9

NaCl thiamine cobalamin
(g/L) (ml/L)
(ml/L)
0
0
5
0
5
5
5
0
5

2
2
1
1
0
0
1
2
0

2
1
2
1
0
2
2
2
2

Denitrifying
bacteria
isolated (%)
18
12
6
6
2
0
0
4
2
6

The carbon nitrogen ratio in our sampling sites was between 14.23 and 16.86 (molar).
The closest carbon nitrogen ratios in the designed media were in medium 7 and medium 9. With
low pH, neither of them had a good isolation rate. The ratios in Medium 1 and medium 2, which
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have the highest isolation percentage of denitrifying bacteria, were close to the in-situ carbon
nitrogen ratio range.
Media containning 5 mg/L NaCl provided lower isolation rates compared to those
without NaCl. A similar result was obtained from Heylen’s study (2006), in which all the media
with highest fitness did not contain NaCl. The sample size in our experiment was not large
enough statistically support the exclusion of NaCl. It will be determined by further study.
The denitrifying bacteria isolated by Gamble et al. (1977) with nitrate agar from soils,
freshwater lake sediments, and oxidized poultry manure were less than 10% of the total bacteria
isolated on average. The isolation rate in our study showed similar results.
The concentration of thiamine in this study was 0 to 2 ml / L. Other studies used 1 to 5 ml
/ L (Evans et al., 1991; Blaszczyk, 1993; Chan and Wheatcroft, 1993; Kniemeyer et al., 1999).
The results in our experiment suggested that the isolation rate was related to the concentration of
thiamine, with R2 = 0.5241, which means that the isolation rate is higher with more thiamine.
However, this relationship was only true below the concentration of 2 ml / L in our study.
In this study, the concentration of cobalamin in the range of 0 to 2 ml / L and the isolation
rate had no relationship (R2 = 0.0000). Cobalamin is a common component of medium for
denitrifying bacteria isolation and cultivation.
The media evaluated in this study was the first generation of the optimization of
cultivation medium. The production of next generation media will be based on the results from
this generation. This experiment is the basis for further optimization of the cultivation medium.
The study by Heylen et al. (2006) for optimizing cultivation medium for denitrifying bacteria
from active sludge showed that after 4 generations of cultivation with evolutive media, the
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average fitness and the number of media with higher fitness of each generation increased. From
the second generation, they found 3 best media with highest fitness at each generation.
Future study should address the effectiveness of the media in the recovery of denitrifying
bacteria in terms of species numbers. In addition, the community structure of the isolated
denitrifying bacteria on each medium needs to be investigated.
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5. CONCLUSIONS

This study was the first time to evaluate hydrolocial impact on denitrification rate,
denitrification potential and denitrifying bacteria population in a restored BLH. In this
ecosystem, hydrological conditions affected the denitrification process of the soil. With
periodical flood, the soil had higher denitrificaition potential, albeit with a low in-situ
denitrification rate. The differences in hydrological conditions did not affect the population size
of the denitrifying bacteria. In-situ denitrification rate and denitrification potential was affected
but not mainly regulated by the population size of denitrifying bacteria. The community
structure might be more important in regulating the denitrification rate and potential than the
population size. This study demonstrated that restoring the hydrologic regime is important to a
BLH’s restoration. With restoration of hydrologic conditions, a BLH can perform its
biogeochemical functions in terms of reducing nitrate from the ecosystem, which is meaningful
for water quality maintenance.
The molecular approach to study denitrifying bacteria n the environment is less timeconsuming than classic cultivation methods, and it is a promising method for microbial ecology
study. However, a better cultivation media with higher isolation rate and species coverage is still
needed. With the improvement of existing cultivation medium, more “unculturable” species can
be isolated. The medium 1 and medium 2 from this study were better than the classic TSA
medium when considering isolation percentage of denitrifying bacteria. This work is the base
for further optimizing the cultivation medium for the isolation of denitrifying bacteria from
environmental samples. An optimized medium will offer a higher possibility to discover the
unknown species in the environment and provide a better approach to study them.
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